We report on the use of a novel technique to create a plasma waveguide suitable for guiding high-intensity laser pulses in underdense plasmas. A narrow channel of a clustering gas is dissociated with a low-intensity prepulse. This prepulse is followed by a high-intensity, focused laser pulse. The high absorption of the clusters surrounding the dissociated atomic channel causes the remaining annulus of clusters to become highly ionized, leaving low-density plasma in the center. We have interferometrically probed the formation of this channel with picosecond laser pulses.
A number of important applications in high-intensity laser-matter interaction physics require the propagation of a focused, ultrashort laser pulse through an ionizing gas with density near atmospheric density ͑ϳ2 3 10 19 cm 23 ͒. These applications, which include x-ray lasers 1 and electron acceleration, 2 require plasma channels of lengths between a few millimeters and a few centimeters. The use of a focused, intense laser pulse to create such plasma channels has been a persistent problem because the radial refraction of a plasma created by ionization acts as a negative lens and defocuses the laser beam. 3 This effect tends to limit the maximum focused intensity that can be achieved in a gaseous medium and shortens the effective length over which an intense pulse can propagate. 4 To solve this problem, a number of approaches have been developed. A significant amount of effort has been devoted to the study of relativistic 5 and charge-displacement 6 selfchanneling of intense pulses in underdense plasmas; however, these phenomena require very high laser intensities (usually .10
18 W͞cm 2 ). An alternative approach is to prepare a plasma waveguide before the main, intense pulse enters the plasma. This procedure entails creating a plasma tube with an annular region of high electron density surrounding a lower-density plasma. To date, the most successful demonstration of this approach was made by Durfee and Milchberg, who created a plasma waveguide with a pulsed, 100-ps laser focused into a gas with an axicon. 7 The hydrodynamic expansion of the heated plasma channel produced a plasma prof ile with a minimum on axis after ϳ3 ns. This waveguide has been used to guide other laser pulses and has been extensively studied using interferometry. 8 In this Letter we present a new method to produce such a waveguide, one that uses modestenergy, picosecond pulses. We exploit the efficient absorption of high-intensity, ultrashort laser pulses exhibited by gases of atomic clusters. First we dissociate a narrow channel of clusters in a clustering gas, forming a gas of monomers that exhibits much lower absorption. A second pulse can then highly ionize the clusters surrounding this channel and produce a hollow plasma waveguide. We experimentally created such a waveguide and probed the formation of this plasma channel with picosecond time resolution, using shortpulse interferometry.
It was shown previously that a gas consisting of small atomic clusters exhibits high absorption of intense, picosecond laser pulses. 9 This absorption is much higher than that exhibited by a gas of monomers with similar atomic density. This high absorption is accompanied by rapid ionization to charge states much higher than those achieved by straightforward optical ionization of single atoms at the same laser intensity. 10 For example, Ref. 10 showed that with 140-fs pulses, even at an intensity of 8 3 10
15 W͞cm 2 , an intensity at which single Ar atoms will be f ield ionized to ϳ41, 11 the Ar atoms in Ar clusters were ionized to 81 or higher.
This effect can be exploited to control the shape of the plasma density profile if a small prepulse is used to dissociate the clusters initially in a select spatial region. Because the clusters are bonded by weak van der Waals forces, breaking them apart on a fast ͑,100-ps͒ time scale requires a modest intensity. Experiments conducted on the x-ray emission from an intensely irradiated gas illustrated that a low-intensity prepulse could be used to destroy the clusters and eliminate all the associated x-ray emission. 10 Consequently, if a small prepulse is used to dissociate clusters in a small channel, a second, more intense pulse following the path of the prepulse will be strongly absorbed only in the clusters surrounding the narrow channel produced by the prepulse. The center of the focused beam traverses the medium without causing significant additional ionization, while the radial wings of the beam highly ionize the surrounding clusters. A plasma channel with an electron-density minimum in the center results. Furthermore, if the prepulse is itself a short pulse, and the delay between the prepulse and the channel-forming pulse is shorter then the time required for hydrodynamic expansion of the prepulse channel (of the order of a few nanoseconds), the average ion density within the waveguide will not be reduced below the initial atomic density. Only the charge state of the ions and the electron density are lower than the surrounding medium. This situation is in contrast to that of a waveguide produced by the hydrodynamic expansion of a preheated plasma, as demonstrated in Ref. 7 , in which the plasma waveguide is formed by the rarefaction of ions in the center of the channel by hydrodynamic expansion. This density drop is undesirable if high density is required in the center of the plasma channel.
To examine the possibility of producing such a plasma waveguide in a clustering gas, we conducted picosecond time-resolved interferometric probing of laser ionized gases of clusters. The experimental setup for these experiments is illustrated in Fig. 1 . The clustering medium was produced with a pulsed gas jet, which produced an average atomic density of 1.5 3 10
19 cm 23 with a gas backing pressure of 55 bars.
12
For all experiments reported in this Letter we used Ar as the target gas. Under these conditions we estimate that the average cluster diameter in the gas was 8 nm (corresponding to ϳ5000 Ar atoms͞cluster). The cluster medium was ionized with a Nd:glass laser system based on chirped-pulse amplif ication, which produced 2-ps pulses. These pulse were frequency doubled to 526 nm and weakly focused with an f ͞12 lens to a spot diameter (1͞e 2 in vacuum) of 30 mm into the Ar gas jet. We introduced a prepulse in advance of the main pulse by a change in the timing of a Pockels cell in the laser system, which produced a prepulse with a pulse width of 2 ps and an intensity of roughly 10 23 of the main pulse after frequency doubling. This prepulse preceded the main pulse by approximately 200 ps.
To probe the plasma channel, we split off a small amount of the main 526-nm pulse and Raman shifted it in ethanol to a wavelength of 620 nm. This pulse traversed a delay leg and illuminated the plasma channel at a right angle to the propagation of the main pulse. Between the imaging telescope and the CCD detector the probe light passed through a Michelson interferometer, which had a roof prism in one leg so the probe light that traversed the plasma channel was interfered with a reference light that passed below the plasma. The interferograms yield information on the phase shift that results from the passage of the light through a chord in the cylindrically symmetric plasma. This phase shift was Abel inverted to yield the electrondensity radial prof ile. Figure 2 shows interferometric images taken at three times relative to the main laser pulse. In this sequence there is no prepulse before the main pulse and the main pulse contains 25 mJ of energy, with a corresponding peak intensity of ϳ5 3 10 15 W͞cm 2 . At a time 15 ps before the peak of the main pulse (the first image) no plasma formation is observed (indicated by the unperturbed fringes). At a time when the main pulse is traversing the field of view, the gas is being ionized by the main pulse on a time scale comparable with the probe pulse width, resulting in smeared fringes in the region of ionization. At a time 40 ps after the main pulse has traversed the gas, a plasma channel is clearly visible. The deconvolved electron density prof iles of the images before and after ionization (in the center of the image) are shown next to the respective images. No plasma is visible before the arrival of the main pulse, and after the main pulse a plasma channel with a density maximum on axis is observed.
When a prepulse is added, the dynamics differ dramatically. Figure 3 shows the interferometric images of the plasma channel after a prepulse has traversed the gas. 15 ps before the main pulse a narrow plasma channel is visible in the interferogram. This is the result of a small amount of ionization of the clusters by the prepulse (the prepulse has an intensity of ϳ10 13 W͞cm 2 ). The deconvolved electron Fig. 1 . Experimental setup for the creation and probing of the plasma waveguide in a gas of Ar clusters. Fig. 2 . Interferometric images of the Ar plasma channel when no prepulse is used. The images show the gas 15 ps before the main pulse enters the medium, during the ionization of the medium by the main pulse, and 40 ps after the main pulse has traversed the medium. The deconvolved electron density prof iles of the f irst and the third images are shown at the right. plasma profile, shown next to the image, indicates that average ionization of the channel is ϳ21 (an electron density of 3 3 10 19 cm 23 ). At t 0, the same smearing of fringes accompanying ionization is observed; however, the bulk of the ionization occurs in a region outside the prepulse created channel. Finally, 40 ps after the main pulse transits the medium, a hollow plasma waveguide is clearly visible. The electrondensity prof ile corresponding to this image indicates that the channel is roughly 25 mm in diameter, with an electron density reaching ϳ4 3 10 19 cm 23 in the walls of the waveguide.
The length over which the waveguide can be produced is determined primarily by the laser energy available. Because the clustering gas is highly absorbing to the high-intensity light, there is a depletion of laser energy as the pulse propagates through the medium. Refraction, however, will ultimately limit the maximum length achievable, although, because of the modest intensities required, quite weakly focused pulses can be used, and the clamping of peak intensity that is due to refraction should not be a significant problem. If the prepulse intensity is chosen such that the clusters are destroyed only at the spatial peak of the focused prepulse beam, a narrow channel ͑,10 mm͒, sufficient to guide high-intensity pulses, can be formed over substantial lengths.
In the channels produced in our experiments the maximum intensity that can be guided in the channel is relatively low because a high-intensity pulse will ionize the Ar contained within the channel to charge states above those in the channel walls. This would eliminate the dip of the electron density on axis. This problem can be solved, however, if a higher-intensity second, channel-forming, pulse is used. If a gas such as Xe were used, for example, with an ionizing pulse of ϳ10
16 W͞cm 2 , the atoms in the clusters could be ionized to as high as 201.
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Such a channel could support the propagation of a pulse with an intensity of as much as 10 18 W͞cm 2 . In conclusion, we have presented a novel technique for the production of a plasma waveguide, suitable for guiding intense laser pulses. This waveguide exploits the highly nonlinear nature of laser pulse absorption exhibited by van der Walls bonded clusters in intense laser f ields. By dissociating a narrow channel of clusters with a prepulse, an intense pulse absorbed by the clusters in the surrounding gas creates a plasma prof ile with a local minimum on axis.
